Inhibition of rat liver fructose-1,6-bisphosphatase by AMP was uncompetitive with respect to fructose 1,6-bisphosphate in the absence of fructose 2,6-bisphosphate, but non-competitive in its presence. AMP was unable to bind to the enzyme except in the presence of one of the fructose bisphosphates; the binding stoicheiometry was 2 molecules/tetramer. Increasing concentrations of Mg2+ increased the Hill coefficient h and the apparent Ki for AMP, whereas fructose 2,6-bisphosphate had the opposite effect. Increasing concentrations of both AMP and fructose 2,6-bisphosphate decreased h and increased the apparent Ka for Mg2+. AMP slightly decreased, and Mg+ slightly increased, the apparent Ki for fructose 2,6-bisphosphate, but each had only small effects on h. These results are interpreted in terms of a new three-state model for the allosteric properties of the enzyme, in which fructose 2,6-bisphosphate can bind both to the catalytic site and to an allosteric site and AMP can bind to the enzyme only when the catalytic site is occupied.
The inhibition of mammalian liver fructose-1,6-bisphosphatases (EC 3.1.3.11) by AMP and fructose 2,6-bisphosphate is thought to be important in the control of carbohydrate metabolism (see, e.g., Claus et al., 1983; Hers & Hue, 1983) . Nimmo & Tipton (1975b) presented a unified model for the allosteric properties of ox liver fructose-1,6-bisphosphatase, but their work was done before the discovery of fructose 2,6-bisphosphate. In the course of our comparison of the kinetic properties of the phosphorylated and non-phosphorylated forms of rat liver fructose-1,6-bisphosphatase (Meek & Nimmo, 1984) , we investigated systematically the responses of the enzyme to AMP, Mg> and fructose 2,6-bisphosphate. We also studied the binding of AMP to the enzyme. The results of these experiments are presented here; they are not consistent with the two-state model of Nimmo & Tipton (1975b) nor with the slightly modified model of Franqois et al. (1983 t To whom reprint requests should be addressed.
U.K. All other materials were prepared or obtained as described by Meek & Nimmo (1984) .
Assay otfJructose-1,6-bisphosphatase This was by the spectrofluorimetric procedure described previously (Meek & Nimmo, 1983) . The concentrations of AMP, Mg2>, fructose 1,6-bisphosphate and fructose 2,6-bisphosphate refer to the free species and were calculated by using the association constants given by Meek & Nimmo (1983) . Each experimental point is the mean of triplicate assays.
Statistical treatment of data
Values of apparent K*, apparent Ka and the Hill coefficient h were obtained from Hill plots by performing an unweighted least-mean-squares analysis. In experiments in which the concentration of Mg2+ was varied, values of V were calculated from double-reciprocal plots by performing an unweighted least-mean-squares fit to a polynomial (Bevington, 1969) . Apparent Ki and apparent Ka values are the concentrations of inhibitor and activator respectively that give 50% of V. Double-reciprocal plots were analysed as described previously (Meek & Nimmo, 1983) .
Binding studies A rotating multichamber equilibrium-dialysis apparatus (Furlong et al., 1972) was used. Nonphosphorylated rat liver fructose-1 ,6-bisphosphatase was first dialysed against 50mM-tri- Vol. 222 ethanolamine hydrochloride / KOH, pH7.5, containing 100mM-KCl, 0.01 mM-EDTA and 0.1 mM-dithiothreitol. A solution of the enzyme (0.1 ml, 4 JgM in terms of subunits) was then dialysed against the same buffer (0.1 ml) containing [2-3H]AMP (680Ci/mol), fructose 1,6-bisphosphate and fructose 2,6-bisphosphate as indicated. Dialysis was performed overnight at 40C with rotation at 2.5 rev/min. Radioactivity was determined by counting radioactivity of samples (0.08 ml) in 2ml portions of scintillant [0.4% (w/v) diphenyloxazole in toluene/Triton X-100 (2 :1, v/v)]. In control experiments it was found that during the overnight dialysis no enzyme activity was lost and AMP became fully equilibrated across the dialysis membrane.
Results

Effects ofphosphorylation
All kinetic experiments described in this paper were done with both the non-phosphorylated and the phosphorvlated form of rat liver fructose-1,6-bisphosphatase (Meek & Nimmo, 1984) . Essentially no differences between the two forms were observed, apart from the change in Km previously reported (Meek & Nimmo, 1984) . For simplicity, we present only results obtained with the nonphosphorylated form.
Kinetic response to fructose 1,6-bisphosphate Other workers have reported that rat liver fructose-1,6-bisphosphatase responds hyperbolically to fructose 1,6-bisphosphate in the absence of fructose 2,6-bisphosphate, but sigmoidally in its presence (Pilkis et al., 1981b; Van Schaftingen & Hers, 1981) , and we have confirmed this (Meek & Nimmo, 1983 . However, we found that in the presence of high concentrations of both fructose 2,6-bisphosphate and AMP the kinetic response to fructose 1,6-bisphosphate reverts to hyperbolic (Fig. lb) . These points are discussed further below.
Kinetic response to AMP
The kinetic nature of the inhibition by AMP with respect to fructose 1,6-bisphosphate was investigated in the presence and absence of fructose 2,6-bisphosphate. The results are presented as double-reciprocal plots in Fig. 1 . In the absence of fructose 2,6-bisphosphate, parallel lines were obtained (Fig. la) , indicating that AMP is an uncompetitive inhibitor with respect to fructose 1,6-bisphosphate. The data obtained in the presence of fructose 2,6-bisphosphate (Fig. lb) suggest that AMP is a non-competitive inhibitor (Dixon & Webb, 1979) in these conditions. 
Binding of AMP
The results shown in Fig. 1 suggested that AMP was unable to bind to fructose-1,6-bisphosphatase except in the presence of either fructose 1,6-bisphosphate or fructose 2,6-bisphosphate. We tested this directly by measuring the binding of AMP to the enzyme by using equilibrium dialysis. In agreement with the results of Tejwani et al. (1976) , AMP alone did not bind to the enzyme. Binding was detectable in the presence of either fructose 1,6-bisphosphate or fructose 2,6-bisphosphate, and in each case a linear Scatchard plot was obtained (Fig. 2) . The maximal binding stoicheiometry was approx. 2 molecules of AMP per tetramer, and the Kd values for AMP were 2.5 pm and 3.7 gM in the presence of 0.1 mM-fructose 1,6-bisphosphate and 0.01 mM-fructose 2,6-bisphosphate respectively.
Effects of Mg2+ and fructose 2,6-bisphosphate on inhibition by AMP Rat liver fructose-1,6-bisphosphatase responds co-operatively to AMP (Taketa & Pogell, 1965) . The Hill plots shown in Fig. 3 (a) demonstrate that increasing concentrations of free Mg2+ caused increases in the Hill coefficient and the apparent K, for AMP. At a fixed free Mg2+ concentration of 2 mM, increasing concentrations of fructose 2,6-bisphosphate caused considerable decreases in both h and the apparent Ki for AMP. The effects of fructose 2,6-bisphosphate on the apparent Ki of rat liver fructose-1,6-bisphosphatase for AMP have been noted by other workers (Pilkis et al., 1981a; Van Schaftingen & Hers, 1981) Effects of AMP and fructose 2,6-bisphosphate on activation by Mg2+
Rat liver fructose-1,6-bisphosphatase, like the ox liver enzyme (Nimmo & Tipton, 1975a,b) , responds co-operatively to Mg2+. The Hill plots shown in Fig. 4 (b) reveal that increasing concen- trations of fructose 2,6-bisphosphate decreased h but increased the apparent Ka for Mg2+; the significance of the decrease in h is considered further below. Increasing concentrations of AMP had similar effects (Fig. 4a) (Fig. 5a) . The values of h and apparent Ki for fructose 2,6-bisphosphate obtained from Fig. 5 are summarized in Table 3 . maximal binding stoicheiometry for AMP seems to be two molecules per tetramer. Some of the observations, although different from those obtained with the ox liver enzyme, could be accommodated by minor adjustments to the model. For example, the fact that AMP lowers the value of h for Mg2+, rather than increasing it, could be accommodated by making the non-exclusive binding (Rubin & Changeux, 1966) of Mg2+ more pronounced. The observation that AMP is an uncompetitive inhibitor, rather than a non-competitive one, with respect to fructose 1,6-bisphosphate (except in the presence of fructose 2,6-bisphosphate) could be reconciled with the model simply by making the additional assumption that either fructose 1,6-bisphosphate or fructose 2,6-bisphosphate must interact with the enzyme before it can bind AMP.
Several of the effects of fructose 2,6-bisphosphate on the allosteric kinetics of rat liver fructose-1,6-bisphosphatase are, however, incompatible with the two-state model for the ox liver enzyme. These include the facts that fructose 2,6-bisphosphate induces co-operativity in the kinetic response to fructose 1,6-bisphosphate except in the additional presence of AMP, and that at high concentrations of fructose 2,6-bisphosphate the enzyme responds hyperbolically to both AMP and Mg2+; the latter point is particularly significant (see below).
There has been considerable argument as to whether fructose 2,6-bisphosphate interacts with liver fructose-1,6-bisphosphatases at the catalytic site (Gottschalk et al., 1982; Pilkis et al., 1981a,b; Pontremoli et al., 1982) or at an allosteric site (Franqois et al., 1983; Van Schaftingen & Hers, 1981) . If the former were correct, the induction by fructose 2,6-bisphosphate of co-operativity in the response to fructose 1,6-bisphosphate could be explained by a model such as that of Kuo (1983) ; fructose 2,6-bisphosphate would compete for the catalytic site, but would bind co-operatively to it. However, we have shown that rat liver fructose-1,6-bisphosphatase can apparently bind fructose 2,6-bisphosphate at two distinct sites, catalytic and regulatory, that can be distinguished chemically (Meek & Nimmo, 1983) ; consequently the model of Kuo (1983) can be ruled out in this case. Franqois et al. (1983) Fig. 5 and Table 3 .
We consider that the simplest model based on the ideas of Monod et al. (1965) that is consistent with all of our results is the three-state model shown in Fig. 6 in which the additional state, State X, has an allosteric binding site for fructose 2,6-bisphosphate. State X can bind AMP with similar affinity to State A, Mg2+ with similar affinity to State M and fructose 1,6-bisphosphate with lower affinity than States A or M. We assume that fructose 2,6-bisphosphate can bind both to the catalytic site and to the allosteric site, as mentioned above. We also assume that AMP can bind to the enzyme only if the catalytic site is occupied by either of the fructose bisphosphates.
This model can account qualitatively for our experimental results.
(1) From the assumption about the binding of AMP, it follows that AMP should inhibit uncompetitively in the absence, but non-competitively in the presence, of fructose 2,6-bisphosphate ( Fig. 1): in the former case AMP can combine with the enzyme only downstream of the point of combination of fructose 1,6-bisphosphate, whereas in the latter case it can combine upstream of this point (see, e.g., Cleland, 1970) .
(2) In the absence of fructose 2,6-bisphosphate, only States A and M are important, and the model resembles that for the ox liver enzyme (Nimmo & Tipton, 1975b) , with the proviso (see above) that the binding of Mg2+ should be non-exclusive. The model accounts simply for the interactions between AMP and Mg2+ (Fig. 3, Table 1 ).
(3) In the presence of fructose 2,6-bisphosphate State X is also important. The sigmoid response to fructose 1,6-bisphosphate in these conditions is caused by State X-State M transitions. Since the affinity of State X for fructose 1,6-bisphosphate is lower than that of State M, it is easy to understand why some workers (e.g. Pilkis et al., 198 la) have concluded that fructose 2,6-bisphosphate is a competitive inhibitor with respect to fructose 1,6-bisphosphate.
(4) Both AMP and Mg2+ can bind non-cooperatively to State X; it follows that high concentrations of fructose 2,6-bisphosphate should lower the values of h for each ligand to I (Tables 1 and 2 ).
(5) Fructose 2,6-bisphosphate must increase the proportion of the enzyme that is able to bind AMP (i.e. State A plus State X); it therefore lowers the apparent K, for AMP (Table 1) .
The model is also compatible with two apparently anomalous observations. Firstly, the Hill coeffi-cient h for inhibition by fructose 2,6-bisphosphate is little greater than 1 and is not greatly affected by the concentrations of AMP or Mg2+ (Table 3) . This can be explained because, on our model, fructose 2,6-bisphosphate must bind non-exclusively to all three States; it can bind to the catalytic site in States A and M as well as to State X. Secondly, in the presence of both fructose 2,6-bisphosphate and AMP the kinetics for fructose 1,6-bisphosphate revert to hyperbolic (Fig. lb) . Fructose 1,6-bisphosphate can bind to both State M and State X, and so, as the initial proportion of the enzyme in State X increases, the value of h for fructose 1,6-bisphosphate should go through a maximum and then decrease towards 1. It could be that only at high concentrations of fructose 2,6-bisphosphate and AMP does State X predominate sufficiently for the value of h to be close to 1.
Discussion
We have presented above a new three-state model that accounts qualitatively for the allosteric properties of rat liver fructose-1,6-bisphosphatase. We have not attempted to obtain values for the parameters of the model, although this was done for the ox liver enzyme (Nimmo & Tipton, 1975b ); we do not as yet have values for several important, experimentally determinable, properties of our enzyme, notably the number of binding sites and the dissociation constants for the two fructose bisphosphates. Although the enzyme is a tetramer (Meek & Nimmo, 1984) , it appears to bind only two molecules of AMP (Fig. 2) ; consequently we have expressed the model in terms of a dimer (Fig.  6) . The model does not, of course, explain why the enzyme seems to show 'half-of-the-sites' reactivity as regards binding of AMP.
It must be emphasized that this model is the simplest that is both based on the ideas of Monod et al. (1965) and consistent with the available data; there are clearly other possible models that could explain some or all of the observations. For example, since the enzyme can interact with fructose 2,6-bisphosphate at two distinct sites (Meek & Nimmo, 1983) , the steady-state rate equation should involve terms in [112. Moreover, if the enzyme obeys a steady-state mechanism rather than an equilibrium one, as assumed in the model of Monod et al. (1965) , the rate equation could also involve terms in [S] 2. Thus the co-operativity of the responses to the two fructose bisphosphates could be explained solely on kinetic grounds. We consider, however, that our model is valuable because it involves relatively few assumptions and has some predictive value.
In our hands, AMP is an uncompetitive inhibitor of rat liver fructose-1,6-bisphosphatase except in the presence of fructose 2,6-bisphosphate, in which case the inhibition seems to be noncompetitive (Fig. 1) . This is in contrast with the work of Taketa & Pogell (1965) , who showed that AMP inhibited a partially purified preparation of the rat liver enzyme non-competitively; AMP also inhibits the ox liver enzyme non-competitively (Nimmo & Tipton, 1975a) . Our kinetic results are, however, in direct agreement with both our binding studies (Fig. 2) and those of Tejwani et al. (1976) ; these workers found that the rat liver enzyme could bind AMP only in the presence of fructose 1,6-bisphosphate, that binding was hyperbolic and that the binding stoicheiometry was two/tetramer. Our binding studies gave very similar results except that the presence of fructose 2,6-bisphosphate, which was not tested by Tejwani et al. (1976) , also permitted binding of AMP (Fig.  2) .
In contrast with our results and those of Tejwani et al. (1976) , McGrane et al. (1983) reported that AMP could bind to rat liver fructose-1,6-bisphosphatase in the absence of either of the fructose bisphosphates; binding was co-operative and the stoicheiometry was 4 molecules/tetramer. The cooperativity in binding of AMP observed by McGrane et al. (1983) can be attributed to the fact that their binding studies were done in the presence of free Mg2+. On the basis of our model, binding of AMP should be hyperbolic in the absence of Mg2+ but co-operative in their presence. Behaviour of exactly this sort was observed for the ox liver enzyme (Nimmo & Tipton, 1975b) . However, the presence of Mg2+ cannot account simply for the other discrepancies noted above.
There is thus some disagreement between different groups as regards the interactions between the enzyme and AMP. One possible explanation is that some preparations of the enzyme may contain traces of fructose 2,6-bisphosphate. Such preparations would be expected to show noncompetitive inhibition by AMP and binding of AMP in the absence of added fructose bisphosphates. This would not, however, account for the observed differences in binding stoicheiometry. It should also be noted that the different groups use different isolation procedures for the enzyme, and this may itself account for some of the observed discrepancies. There are other small differences in the properties of the enzyme used by different groups; for example, the enzyme used by McGrane et al. (1983) seems to be considerably less sensitive to inhibition by AMP than is our enzyme (Pilkis et al., 1981a ; this paper, Table 1 ).
Our model involves the assumption, justified by our previous work (Meek & Nimmo, 1983) , that fructose 2,6-bisphosphate can interact with rat liver fructose-1,6-bisphosphatase at two distinct Vol. 222 sites. This assumption is supported by the work of Corredor et al. (1984) . McGrane et al. (1983) showed that the enzyme could bind four molecules of fructose 2,6-bisphosphate per tetramer and that the binding showed negative co-operativity. They interpreted their results as indicating that fructose 2,6-bisphosphate interacted only with the catalytic sites of the enzyme. However, there is as yet no evidence that the enzyme responds kinetically to fructose 2,6-bisphosphate in a negatively cooperative fashion (see, e.g., Fig. 5 ). In contrast, negatively co-operative binding might be expected on the basis of our model, because of the postulated existence of two distinct classes of binding sites. We 
